Background: Osteochondritis dissecans (OCD) is an idiopathic focal condition affecting the subchondral bone of joints, and it is increasingly prevalent among the active young adult population. For lesions that have failed nonoperative management, transarticular drilling and extra-articular drilling are surgical options. Although the extra-articular approach preserves the articular cartilage, it is technically challenging and could benefit from a study of surgical approach.
immature individuals (juvenile OCD). Most cases of stable juvenile OCD will heal without surgery, so numerous authors agree that nonoperative management is the preferred initial treatment modality in the skeletally immature population with stable OCD lesions. 5, 7, [10] [11] [12] 19, 23, 28, 29 Therefore, failure of nonoperative management for stable lesions is a general indication for surgical intervention. 29 Arthroscopic drilling of OCD lesions with a K-wire is well established in the literature as a surgical treatment option for stable OCD lesions smaller than 2.5 cm 2 that have failed nonoperative treatment. This technique creates vascular channels from the underlying bone marrow to stimulate revascularization and healing of the damaged subchondral bone. 4, 10, 12, 19 Multiple case series have described good radiographic and clinical outcomes for both transarticular and extra-articular approaches for arthroscopic drilling. 1, 12 Transarticular or transchondral drilling is performed by penetrating the overlying articular cartilage under direct arthroscopic visualization of the OCD lesion, whereas extra-articular or retroarticular drilling occurs through the affected femoral condyle, sparing the articular cartilage. 29 Transarticular drilling is technically more facile; however, the potential long-term consequences associated with violating the intact articular cartilage are concerning. In contrast, extra-articular drilling preserves the articular cartilage; however, it is technically more challenging, requires fluoroscopic guidance, and increases the risk of insufficient drilling depth and injury to surrounding soft tissues and the physis. 2, 12, 16 A recent survey of members of the Pediatric Orthopaedic Society of North America revealed that for treatment of stable OCD lesions that have failed nonoperative management, 53.5% of respondents prefer extra-articular drilling whereas 32.6% prefer transarticular drilling, indicating a trend toward the technique that leaves articular cartilage intact. 30 The purpose of this study was to use 3-dimensional modeling of magnetic resonance imaging (MRI) scans from skeletally immature individuals to characterize safe tunnel entry points, trajectories, and distances from the physeal and articular cartilage along the course of the distal femoral epiphysis to the OCD target in their most common location of the MFC. Our objective was to define reproducible safe portals and landmarks for extra-articular drilling that will allow for more surgeons to become comfortable performing this technique, thereby reducing the amount of intraoperative fluoroscopy and radiation exposure while decreasing the risk of injury to surrounding structures and cartilage. We hypothesized that analysis of 3-dimensional modeling of MRIs of skeletally immature patients would allow us to define reproducible surgical tunnel approaches for treatment of OCD lesions of the MFC both anterior and posterior to the medial collateral ligament.
METHODS
With an institutional review board-approved protocol, MRI studies were obtained from 17 skeletally immature patients with open distal femoral physes and normal knee structure. Of the 17 patients, 10 were male and 7 were female, with a mean age of 12.7 years (range, 9-15 years). MRI of the knee was performed by use of a 1.5-T scanner with 3 mm to 4 mm-thick, 2-dimensional proton density and T1-weighted imaging sequences in the axial, coronal, and sagittal planes. DICOM images from the MRI data sets were imported into Mimics (version 16.0; Materialise) and 3-matic (version 8.0; Materialise) computer software to create a 3-dimensional model of the knee, to simulate surgical approaches, and to measure relevant anatomic relationships.
The bone, physis, articular cartilage, and relevant soft tissue structures were manually mapped in the sagittal image set to create masks used to generate 3-dimensional models of the knee. The manual mapping was done by a single member of the research team who was trained in this process (D.A.M.). After multiple trials were performed to refine the technique, the final mapping was completed; reported values are the average of multiple measurements. The medial epicondyle was identified and defined by a single point corresponding to its most prominent aspect. The borders of the medial collateral ligament (MCL) were outlined in the axial and coronal image sets in order to identify and define the entire footprint of the MCL femoral origin. Mimics software was used to overlay these structures onto the 3-dimensional models.
Virtual representations of stable OCD lesions were designed and placed in the classic location, the lateral aspect of the MFC, to serve as the target for simulated tunnels. This was done by creating a hemispheric-shaped lesion using the computer software to select for the intersection of bone and a computer-generated sphere formed to the contours of the femoral condyle and placed in the classic OCD location. The average lesion length (measured in the sagittal view), width (measured in coronal view), and surface area of the simulated lesions were 16.6 ± 0.54 mm, 14.9 ± 0.68 mm, and 248.9 ± 16.5 mm 2 , respectively. These parameters were consistent with the reported values of Wall et al, 28 who examined the healing potential of stable juvenile OCD lesions.
To simulate extra-articular tunnels, cylinders were superimposed into the 3-dimensional models. A cylinder was placed starting from either an anterior or a posterior entry point relative to the MCL origin, traversing the epiphysis and ending at the center of the lesion (Figure 1 ). To determine anterior and posterior "windows of safety," we measured the largest tunnel diameter capable of safely traversing the epiphysis without contacting the borders of the MCL and remaining no less than 10 mm from the femoral physis and articular cartilage (Figure 2 ). The value of 10 mm was chosen as a minimum safe distance to minimize the risk of drilling-associated thermal osteonecrosis. The temperature generated during drilling is multifactorial and depends on the drill diameter, drill speed, use of cooling, drilling depth, drilling duration, and bone thickness, along with various other drill specifications and drilling parameters. 3, 22 We chose the 10-mm distance from the edge of our tunnel, as this was the reported width of maximum temperature distribution in 1 study 3 that evaluated the spatial distribution of temperature while drilling.
We measured the distance from the center of the tunnel to the medial epicondyle, the length of the tunnel to the OCD lesion, and the angle made by a line through the center of the tunnel relative to the longitudinal axis of the femur and to the femoral joint line in both the coronal and the sagittal planes (Figures 3-6) . Additionally, because this procedure is often performed with the knee in a flexed position, 9, 24 we simulated knee flexion and rotated the MCL around a fulcrum defined by its insertion point in 15 increments up to a maximum of 90 to determine how the degree of knee flexion affected the size of the window (Figure 7 ).
Mimics and 3-Matic software tools were used to collect all singular data points. Statistical analysis was performed with Microsoft Excel (version 2011). Continuous variables are reported with means and standard deviations. 
RESULTS

Anterior Window, Tunnel Anterior to the MCL Origin
The anterior "safe window" allowed a maximal tunnel diameter of 10.3 ± 1.4 mm ( Table 1 ). The tunnel entered the skin at a point 16.9 ± 12.1 mm anterior and 7.1 ± 5.9 mm superior to the medial epicondyle and penetrated the bone 12.1 ± 3.5 mm anterior and 2.4 ± 3.5 mm inferior to the medial epicondyle. The average epiphyseal tunnel length was 31.8 ± 3.7 mm. In the coronal plane, the angle of the tunnel relative to the longitudinal axis of the femur was 44.5 ± 10.3 ; to the femoral joint line it was 49.7 ± 7.3 . In the sagittal plane, the angle of the tunnel relative to the longitudinal axis of the femur was 46.4 ± 9.3 ; to the femoral joint line it was 43.7 ± 9.7 . The anterior safe window was not affected by knee flexion.
Posterior Window, Tunnel Posterior to the MCL Origin
The posterior "safe window" allowed a maximal tunnel diameter of 7.8 ± 1.8 mm ( Table 2 ). The tunnel entered the skin 9.4 ± 5.1 mm posterior and 26.0 ± 14.0 mm superior to the medial epicondyle and penetrated the bone 8.6 ± 2.6 mm posterior and 5.1 ± 4.2 mm superior to the medial epicondyle. The average epiphyseal tunnel length was 33.5 ± 4.5 mm. In the coronal plane, the angle of the tunnel relative to the longitudinal axis of the femur was 43.9 ± 10.0 ; to the femoral joint line it was 50.7 ± 9.3 . In the sagittal plane, the angle of the tunnel relative to the longitudinal axis of the femur was 10.8 ± 6.9 ; to the femoral joint line it was 81.8 ± 8.8
. The MCL began to narrow the posterior window as the knee flexion angle reached 52.0 ± 21.9 .
DISCUSSION
When indicated, arthroscopic drilling for stable juvenile OCD lesions, in both transarticular 13, 18, 20 and extraarticular fashion, 2, 4, 8, 9, 16, 21 has been shown to be an effective treatment modality with minimal complications. The extra-articular approach maintains the theoretical benefit of avoiding injury to the intact articular cartilage but is more technically challenging, requiring intraoperative fluoroscopy and significant radiation exposure. 2, 4, [7] [8] [9] [10] [11] 16 Inadequate drilling of OCD lesions and accidental soft tissue injuries to the skin and ligaments of the knee are not uncommon. 6 Despite the increased technical difficulty, results in the literature regarding extra-articular drilling have been encouraging. Edmonds et al 9 reported that in a retrospective study of 59 patients treated with extraarticular drilling, 75% of juvenile OCD lesions demonstrated radiographic healing 12 months after treatment and 98% at 36 months. In a case series of 12 patients treated with extra-articular drilling, Donaldson and Wojtys 8 reported excellent outcomes for all 12 of their study patients, with radiographic healing on average at 8.5 months. In a case series involving 31 patients, Boughanem et al 4 reported significant improvements in outcome scores and radiographic evidence of healing in all cases.
Although intraoperative fluoroscopy is usually used for guidance during the technique of extra-articular drilling, other methods have been described in the literature. Mechanical targeting devices (eg, drill guides) have been developed, but their utility is limited due to the bulkiness of their design and the tightly ligamentous, constrained knee joints seen in young athletes.
14 Electromagnetic guidance systems and MRI guidance have been described for use with extra-articular drilling of OCD lesions, but their applications are still largely experimental. 14, 15, 25 Our study affirmed our hypothesis and described reproducible safe windows for extra-articular drilling of OCD lesions of the MFC. We discovered 2 safe windows, 1 anterior and 1 posterior to the MCL, and described associated superficial bony landmarks on the MFC, the angle of trajectory, and the tunnel length associated with an extraarticular epiphyseal approach to OCD lesions of the MFC to assist surgeons. Additionally, the study has helped describe potential for drilling tunnels of sufficient diameter to allow extra-articular drilling, debridement, and bone grafting.
Limitations of our study include using MRIs with a slice thickness of up to 3.5 mm in the sagittal plane, which restricts the resolution and accuracy of our 3-dimensional models. To limit this effect, we used all 3 MRI cross sections (axial, coronal, and sagittal) to better identify and position the relevant landmarks despite losing some data between slices. Recent studies by Swami et al 26, 27 showed good reliability when using 2-dimensional MRIs to localize knee anatomic features for ACL reconstruction, and those investigators concluded that there is no significant difference in accuracy with this technique compared with using higher resolution, 3-dimensional MRI sequences. Additionally, the safe portals described in our study apply to OCD lesions of the lateral aspect of the MFC only. Although this is the most common location for juvenile OCD lesions, lesions are sometimes seen in the lateral femoral condyle and even more rarely in the patella and trochlea. Defect size varies between patients, and this study is limited by its assumptions made by simulating standard lesions. However, the models in this study yielded a generous average defect size of 248.9 mm 2 , and the tunnel parameters defined in this study are safe and inclusive for drilling the majority of lesion sizes recommended for treatment. A further limitation is the inherent anatomic variability that exists between patients. Patient body mass index at the time of MRI, which presumably affects the patient's soft tissue envelope, was unavailable. Differences in soft tissue envelope between patients will affect skin entry points, and it is still recommended to use radiographic guidance to confirm positioning for drilling during surgery.
CONCLUSION
This anatomic characterization study identifies and defines 2 safe and reproducible tunnel approaches, 1 anterior and 1 posterior to the MCL, for drilling or creating tunnels to OCD lesions of the MFC in an extra-articular fashion. From our study, the characterization of anterior and posterior drilling tunnels for the treatment of juvenile OCD lesions of the MFC can guide surgeons during surgery and theoretically help minimize the use of intraoperative fluoroscopy and reduce the risk of iatrogenic injury to surrounding structures including the articular and physeal cartilage.
